Rapidly increasing maintenance costs of reinforced or concrete bridges have led to an enhanced interest of public authorities in alternative technologies for bridge design. Bridge deck systems made out of fibre reinforced polymers (FRP) offer new options. Maintenance costs and assembly time can be reduced significantly. Especially hybrid structures are competitive, i.e. steel girders combined with a pultruded FRP bridge deck. Based on this technology the design of a highway flyover in the state of Hessen was developed. The exploitation of composite action in it introduces an innovative element in FRP bridge design. The bridge, to be constructed during 2006-07, will be the first major FRP road bridge in Germany. The innovative technology, its economical aspects and the design of the bridge are highlighted in this paper.
Introduction
The heavy traffic on major roads has led to an increasing demand for new technologies in bridge building. To reduce traffic interferences during construction, faster assembly and shorter service times are required. Due to its corrosion resistance and low self weight, fibre reinforced polymers (FRP) offer promising options. Already in the early 1980, academic research on FRP bridge decks was initiated in the United States by the Federal Highway Administration. It took nearly twenty years till the first 'all FRP bridge' was installed in 2000 in Kansas [1] , followed by the first European FRP bridge in 2002 at Oxfordshire [2] . However, only very few composite bridges have been built to date.
Still many aspects need to be addressed before a widespread introduction of this new technology is possible. Proper characterization methods and generally accepted structural analysis procedures of FRP bridge decks have not yet been established. Comprehensive design guidelines are still missing. From last two years the European standard EN 13706 specifies properties for pultruded sections. Technical approvals are under preparation. However, analysis methods or design codes applicable in every day bridge design are still out of sight.
Also many structural details for bridge design and in general for FRP have not been finally solved, for instance: -Bolted joints are mainly used for the connection of pultruded FRP profiles. However, the unidirectional fibre configuration requires a smooth mode of load transmission. Alternative solutions using pre-tensioned bolts, friction effects or reinforced holes have been developed and tested at the University of Stuttgart. This has led to joints with remarkable higher load bearing capacity.
-Railings and guard rails of bridges are often fixed on reinforced concrete parapets. This means increased dead load and extended construction time. Moreover, the need to fix the reinforcement to the FRP deck means drilled holes and expensive epoxy grout. This option is time consuming and presents durability concern.
-Welded shear connectors are used for the connection of steel girders to FRP decks in common. Sometimes even bolts or J-bolts are used as deck to girder connection. Thereby, FRP deck is penetrated, which reduces durability and stiffness and the horizontal loads resulting from braking of the vehicles can not be transferred properly. Adhesive joints provide smoother load transition, reduce stress concentrations and are therefore part of extensive research programmes at the EPFL Lausanne [3] and the University of Stuttgart.
-In Europe usually pultruded deck panels with triangular, trapezoidal or hexagonal sections are used. But sandwich panels with filled cores (foam, honeycomb) offer the opportunity of larger spans and bi-directional load bearing behaviour. But still, fatigue resistance, durability and manufacturing tolerances need to be improved [4] [5].
Highway flyover Friedberg Hessen
The state authority of Hessen, Germany (Hessisches Landesamt für Straßen-und Verkehrswesen in Wiesbaden) decided to build a highway flyover with a FRP-bridge deck. The bridge serves a small country lane over a federal road with a span of 21,5 m -a very typical situation. A hybrid FRPoption was chosen: two steel girders covered by a pultruded multi cellular FRP deck. By adhesively bonding the both components, composite action is achieved which reduces the vertical displacements by approx. 20% compared to the steel stringers alone.
Fig. 1: Elevation and plan view of Friedberg Bridge (Knippers Helbig Consulting Engineers)
The following design principles were followed consistently: -Prefabrication of the entire deck, no cast in-situ concrete edge beams for the anchorage of the guard rails. The installation time and so also the traffic interference is reduced to a minimum. There are no rest periods for curing of in-situ concrete or wearing. The traffic speed is limited to 50 km/h, so no guard rails are necessary -a marginal strip with a kerb is sufficient. To achieve this, a second layer of FRP sections is glued on the bridge deck which leads to a smooth load transfer of horizontal shocks from the kerb to the bridge deck.
-Structural components that need maintenance or whose service life is limited, wear-parts as expansion joints, or elastomer bearings, were omitted. By creating a frame structure, also the cross section of the superstructure could be reduced and vibrations of the light bridge deck are reduced.
-No drilled holes or cut outs in the FRP deck sections for bolts, metal sleeves etc. in order to ensure highest possible durability and stiffness of the deck. The FRP sections are bonded to the steel girders, which also reduces assembly time.
-The innovative technology of the bridge should be visible to all passer-by, the hollow sections are not covered by panels. The bridge in Friedberg is above a frequently used highway. The appearance of the structure is very important at this junction. Many studies focusing on the railing and bridge edges were carried out to obtain not only a technological and economical but also an aesthetical optimised solution.
A monitoring concept is envisaged to gather experience about the long term behaviour of the FRPbridge. Some other design approaches to FRP bridges can be found in [6] .
Fig. 2: Cross section of Friedberg bridge -design as pre-stressed concrete, steel composite and FRP superstructure (Knippers Helbig Consulting Engineers)
A comparison of three superstructures suitable to the same span and loading conditions shows the low weight of an FRP deck. While a pre-stressed concrete superstructure has a dead load of approx. 84 kN/m, a steel-concrete composite bridge has 62 kN/m and the finally chosen FRP deck 14 kN/m without wearing and railings (Fig. 2) . 
Detailed design and testing of pultruded deck system

General aspects
The absence of general accepted structural analysis methods, design codes and building regulations for fibre reinforced polymers necessitate extensive testing programmes which are expensive and time consuming. Hence, public authorities require FRP deck systems, which already went through a certain testing in field and laboratory before they could consider them as an alternative to concrete or steel bridges. Moreover, products need constant quality and material properties with only small variations of the specified values.
Fig. 4: FRP deck system "ASSET" by Fiberline Composites, Denmark
Many FRP bridge deck systems are reported in the literature, however, only a very few fulfil this prerequisite. This is a major obstacle in application of this technology. In our case the ASSET deck profile was chosen, fabricated by Fiberline Composites in Denmark. For this profile, already an extensive test programme was conducted for the Westmill bridge in Oxfordshire, which was installed in 2002 [7] . The tests were performed at the IETcc, Madrid Spain. Large scale flexural sagging, flexural hogging, shear, fatigue and creep tests were conducted, so the load bearing behaviour of the ASSET profile in longitudinal pultrusion direction was quite well documented. Also most material properties of the ASSET deck system were tested.
Material properties
For the detailed FEM-analysis most material parameters of the deck were known. However, "inplane" shear capacity had to be tested for the flange and the webs of the deck (Fig. 5) . 3x10 specimen has been tested to get maximum loads and the shear modulus. The fibre reinforcement of the ASSET deck consists of unidirectional (UD) fibres and of surface veils. While the veil combined with the resin are bearing shear stress, the UD-fibres have no impact on shear load bearing behaviour. For further FE-analysis the imaginary "stress" and strain" limits are calculatedbut due to the anisotropic properties of FRP the values are not really appropriate. The thin "outer web" (7.5mm) has approximately the same ultimate load as the "inner web" (10.5mm), because of the same fibre reinforcement. The different thickness of the resin and UD-fibre have almost no impact on the results. This indicates that a simple stress analysis, as carried out for common steel structures is not suitable to FRP elements.
Adhesive -tension and shear properties
Existing investigations [8] [9] [10] of pultruded sections with adhesive joints show, that usually the FRP section is the weakest component. Fibre reinforcement is unidirectional. The Z-direction is not reinforced, so X-Z shear or Z-tension can only be carried by the resin.
Fig. 5: Results of "in-plane" shear tests
For tensile tests, a 50mm diameter specimen (of the flange) was adhesively joined with Sikadur 30 (Sika AG) to steel plates. The steel surface was sandblasted and degreased, FRP surface was either not treated or slightly grinded and degreased. However, the treatment of the surfaces had no impact on the results, every specimen showed a failure of the FRP element (see Fig. 6 ). The characteristic value was found to be 2,4 N/mm 2 , far below the tensile strength of the adhesive, which is expected to be approx. 30 N/mm 2 [11] . This test was only performed for the deck flange to obtain design values for the deck to steel stringer connection. The connection in between the deck sections was, however, well investigated [7] .
Fig. 6: Test set-up for adhesive tensile test
The shear resistance is evaluated by torsional tests. The specimen is a ring with an outer diameter of 200mm and an inner diameter of 138mm. That means the width of 31mm is two times the thickness of the deck flange (2*15,6mm). A torsional-experiment is more extensive than a simple shear test, however, shear stresses without any peeling or scale-effects are obtained..
Fig. 7: Test set-up for adhesive torsion test
Comparable investigations [9] led to the result that for ultimate load state, the ratio of tensile and shear stress may be superposed by an quadratic (elliptical) formula (1).
with: σ S,d : tensile stress, design value σ R,d : tensile stress, Resistance design τ S,d : shear stress, design value τ R,d : shear stress , Resistance design
Composite action and overall load transfer
In case of the Friedberg bridge, a composite action of the bridge deck and the steel girders exists. This leads to a loading of the FRP sections perpendicular to the pultrusion direction and so to local instability effects at the nodes of the section, i.e. inter-laminar failure due to compression or shear forces perpendicular to the fibres. Analytical procedures for predicting these failure modes are very difficult, so that the ultimate loads need to be identified in the lab.
Some valuable testing on this loading conditions were carried out at the EPF Lausanne [3] . For two deck systems (ASSET and DuraSpan), the breaking load of large scale steel beams with adhesively bonded FRP deck sections were tested -two of them after 10 7 fatigue cycles. In addition to that, segments of FRP sections were loaded by compression perpendicular to the pultrusion direction. These tests lead to a lower barrier for the failure loads than applied for Friedberg bridge, because the support of the FRP profile by the steel girder is not considered. Also the stiffening of the deck section by the wearing polymer concrete is not considered. Hence, for the Friedberg bridge additional tests similar to the standard push out tests as they are defined for shear connectors by the Eurcode 4 (Design of composite steel and concrete structures) are conducted. This will define design values for maximum compression perpendicular to the pultrusion direction and maximum shear capacity between steel girder and FRP deck, which can be used for the design of hybrid FRP bridges. These tests, as well as the test described in the following section are currently under preparation.
The result of a first run is shown in Fig. 9 . Interlaminar failure occurs at the nodes of the tension loaded webs. 
Surfacing -performance and load bearing behaviour
Due to the fact, that the flanges of the FRP sections are comparatively thin, the local bending of the flange between the webs has to be considered thoroughly. For ASSET deck many test have been conducted with load distributing steel pads. While these tests are on the safer side regarding the capacity of the webs [7] , the bending strength of the flange is not evaluated. With a real wheel load applied on a FRP deck, a failure due to bending takes place (Fig. 10) [12] . Hence, composite action of the wearing and the FRP section is necessary to carry the pressure resulting from vehicle tires.
As wearing is part of the load bearing system, minimum values for tensile and shear strength are required and have to be verified in the lab. For the Friedberg project the same setups as the adhesive test were used, see section 3.3.
Usually a polymer concrete is used for the facing of the bridge deck. The surface of the FRP profiles are mildly grinded and solvent washed. Confirming to already conducted tests, the choice of a primer is not necessary. 
Conclusion
Public authorities look for innovative bridge systems that allow for minimum traffic interference both during their assembly as well as maintenance. Further investigations need to be carried out, to establish FRP bridges as an every-day alternative for common bridge design. However, they do provide a greater scope in playing an important role in future bridge constructions. The exploitation of composite action in the FRP bridge in Hessen is a step towards a material appropriate design concept.
